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Introduction
Tuberous sclerosis complex (TSC) is an autosomal dominant disorder caused primarily by mutations in TSC1 or TSC2 genes, and characterized by benign hamartomatous lesions in multiple organs including the brain (Baskin 2008) . The clinical phenotype is widely variable, but the majority of TSC patients show neurological manifestations of the disorder including seizures (90%), developmental delay (DD) or intellectual disability (50%), neurobehavioral abnormalities, and autism spectrum disorders (ASDs, 50%; Baskin 2008; Curatolo et al. 2008) . Mouse model studies have found that mutations in Tsc1 or Tsc2 genes cause abnormal neuronal connections. Tsc1-deleted mice are shown to display seizures and have delayed myelination (Meikle et al. 2007 ). Tsc2 heterozygous mice show aberrant topographic projections of axon pathways in the reticulogeniculate tract (Nie et al. 2010) . Thus, there is evidence from mouse models of aberrant connectivity in TSC.
Although cortical tubers are one of the hallmarks of TSC (Curatolo et al. 2002) , there is no consistent correlation between the number and location of tubers, and epileptic seizures (Major et al. 2009 ) or autistic features (Bolton et al. 2002; Numis et al. 2011) . Therefore, it has been suggested that the broad spectrum of TSC clinical phenotypes may arise from abnormal neural connections that are independent of these benign tumors (Tsai and Sahin 2011; Peters, Taquet, Vega, et al. 2013) . Human diffusion tensor imaging (DTI) studies have reported decreased fractional anisotropy (FA) and increased mean diffusivity (MD) values in certain brain structures such as the corpus callosum, internal capsule, and external capsule in patients with TSC compared with typically developing (TD) individuals (Makki et al. 2007 ; Krishnan et al. 2010; Peters et al. 2012) . However, although selective tracts have been analyzed, unbiased whole-brain connectivity measures have not been performed.
To assess whole-brain white matter connectivity in an unbiased manner, a human brain connectome approach can be used. This approach models the complex network of brain connectivity with a graph using a set of nodes and interconnecting edges to provide measures of whole-brain structural connectivity (Sporns et al. 2005) . To define the nodes, most studies parcellated cortical regions using volume-or surface-based registration to an atlas (Tzourio-Mazoyer et al. 2002; Desikan et al. 2006) . However, the use of atlas-based parcellation techniques causes many short intergyral connections to be ignored and heterogeneously connected brain regions to be lumped into single nodes. To overcome these limitations, we used a gyral topology-based parcellation scheme, which we believe is a more appropriate node definition method for the description of the whole-brain white matter network (Im et al. 2014) .
The aim of this study was to perform a non-biased wholebrain analysis of global white matter connectivity (short-and long-association and interhemispheric fiber connections) using gyral pattern-based cortical node parcellations and regional connectivity using atlas-based parcellations. We also performed graph theoretical global network analysis using both gyral and atlas-based approaches, and compared their results. In TSC patients, all connectivity and network measurements were compared between subgroups defined by the presence of an ASD, epilepsy, and DD, as well as tuber load.
Materials and Methods

Participants
Twenty patients (age range, 3-24 years; 11 males and 9 females) with a diagnosis of TSC and 20 age-and gender-matched TD participants (age range, 2-23 years; 7 males and 13 females) were imaged using a 3-T MRI. All TSC patients had a neurological examination, and their clinical data were obtained through their office visits and medical records. All patients fulfilled the clinical criteria for a definite TSC diagnosis, as defined by the Tuberous Sclerosis Consensus Conference. ASD diagnoses were made by a board-certified pediatric neurologist based on the Diagnostic and Statistical Manual of Mental Disorders, Fourth Edition, Text Revision (APA 2000) as well as the Autism Diagnostic Observation Schedule (Lord et al. 2000) , administered by trained behavioral specialists. All available clinical, research, and neuropsychological data were reviewed on a case-by-case basis by a pediatric neurologist to identify those with moderate to severe DD. Of the 20 TSC participants, 7 were diagnosed with an ASD, 9 with epilepsy, and 11 with DD. Eleven TSC patients had the TSC2 gene involved in their diagnosis as either deletion, insertion, or mutation. Four TSC patients were diagnosed both with ASD and DD; 1 TSC patient was diagnosed with ASD and epilepsy; 4 TSC patients were diagnosed with epilepsy and DD; and 2 TSC patients were diagnosed with ASD, epilepsy, and DD. None of the TSC participants had undergone prior surgery. The "tuber load" was visually assessed using fluid-attenuated inversion recovery (FLAIR) images separately by 2 independent readers, a certified neuroradiologist and a certified neurologist (P.E.G. and J.M.P.). The reviewers qualitatively placed TSC brains into 1 of 4 different groups, defined by tuber volume relative to whole-brain volume, such as 1. minimal: <1/8 of the brain volume, 2. mild: >1/8 but <1/4 of the brain volume, 3. moderate: >1/4 but <1/2 of the brain volume, and 4. severe: >1/2 of the brain volume. After the initial independent review, a consensus was reached between the 2 physicians on the 4 cases who differed by only one grade. Demographic and clinical data for all TSC patients are presented in Table 1 . The 20 TSC patients are a subgroup of the TSC patients whose data were analyzed by Peters et al. (2012) where only corpus callosum connectivity was assessed. The TD control participants were chosen from individuals who were clinically normal apart from symptoms of headache who underwent MRI examinations as a screening precaution; control datasets were chosen from those individuals who had normal brain MRI examinations as determined by 2 pediatric neuroradiologists and no clinical diagnosis associated with cerebral disorders including migraine. This study was approved by the institutional review board of Boston Children's Hospital.
MRI Acquisition
The imaging protocol consisted of a structural and diffusionweighted sequence. The structural sequence was a T 1 -weighted high-resolution magnetization-prepared rapid-acquisition gradient-echo ( The diffusion sequence was an axial echo-planar sequence (voxel size [mm] = 1.7 × 1.7 × 2.2; FOV = 22 cm; TE = 88 ms; TR = 1000 ms; flip angle = 90°; in-plane GRAPPA acceleration factor = 2, number of averages acquired = 1; 30 gradient diffusion directions at b = 1000 s/mm 2 ; 5 acquisitions with b = 0 s/mm 2 ). Sedation, typically dexmedetomidine, was used only when necessary (e.g., very young children, intellectual impairment, and behavioral difficulties), to prevent excessive motion. Dexmedetomidine has been proved to be a safe and effective sedation technique, producing a condition similar to natural sleep (Mason 2010) for MRI (Siddappa et al. 2011; Ambi et al. 2012) , and is the suggested sedation technique that is commonly used for children with neurobehavioral disorders such as autism (Lubisch et al. 2009 ).
As there is only minor perturbation of neuronal activity with dexmedetomidine, diffusion metrics such as FA and MD, which are modulated by water compartmentalization, are unlikely to show any significant change. Currently, there are no reports of diffusion metric changes related to sedation administration. To assess the degree of motion artifacts in each individual and test if the TSC patients showed a larger head motion, we performed a quantitative motion estimation analysis. All diffusion images in the series were aligned to the first b 0 image using affine registration (Jenkinson et al. 2002) . Average volume-by-volume translation and rotation were extracted from affine transformation of the diffusion volumes, and a single value, "total motion index" (TMI), was calculated (Yendiki et al. 2013) . The TMI values were statistically compared between the TSC and TD groups with an independent sample t-test.
of several neuroimaging tools such as FSL (http://www.fmrib.ox.ac .uk/fsl), FreeSurfer (http://surfer.nmr.mgh.harvard.edu), and Diffusion Toolkit (http://www.trackvis.org/dtk).
First, T 1 -weighted images were processed to extract cortical surfaces using FreeSurfer Fischl et al. 1999 ). FSL's intensity-based affine registration tool, FLIRT, was used to register the structural T 1 -weighted image onto the diffusion space, namely to the b 0 image. CMP uses the Diffusion Toolkit for intravoxel configuration of fibers. Whole-brain tractography was performed with a DTI model and a streamline algorithm that accounts for diffusion directions in a voxel. Fiber tracking was constrained inside the white matter with the use of a highresolution binary mask for the white matter, which was computed by FreeSurfer. Angle threshold was set to 85°and seed parameter was set to 32 in order to enable the start of multiple trajectories for every direction inside each voxel. A fiber cutoff filter was applied so that fibers shorter than 20 mm and longer than 200 mm were filtered. For more reliable callosal fiber tracts, the corpus callosum was detected with the use of structural MRI scans and standard DTI color-coded FA maps. A three-dimensional corpus callosum region of interest (ROI) was manually segmented for each dataset in TrackVis (http://www.trackvis.org) using previously established criteria (Catani and Thiebaut de Schotten 2008) . The few spurious connections (e.g., fibers that start and end in the same hemisphere after crossing to the other hemisphere) were manually removed using TrackVis.
Tuber Load and Whole-Brain Fiber Count Analyses
To test if our findings for white matter connectivity in TSC are biased by poor tracking in areas of cortical tubers in this patient population, we first investigated fiber tracking in the whole brain by comparing the number of fiber tracts according to different groups (TD vs. TSC) and tuber load severity within the TSC group.
Structural Connectivity Network Construction
Network Node Definition To define the nodes of a brain graph, we first obtained 68 cortical regions using the automatic cortical parcellation provided by FreeSurfer (Fischl et al. 2004; Desikan et al. 2006 ). We also performed an individual gyral pattern-based parcellation for node definition. To create the gyral-based parcellation, we used a sulcal depth map measured on the white matter surface to parcellate gyral segments . We then performed a watershed algorithm based on the depth map on triangular meshes (Im et al. 2010 (Im et al. , 2011 (Im et al. , 2013 . To prevent over-extraction of the gyral segments, we first reduced noisy depth variations with a surface-based heat kernel smoothing with a full-width half-maximum value of 10 mm (Chung et al. 2005 ). Subsequently, we performed segment merging in the watershed algorithm using the area of the segment. If one of the areas of 2 or more gyral segments was smaller than a threshold (30 mm 2 ) when they met at a ridge point, the smaller region below the threshold was merged into the adjacent gyral region. The result of the gyralbased parcellation is shown and can be compared to the atlasbased anatomical parcellation using FreeSurfer in Figure 1 . The gyral pattern-based parcellation method divided the cortical surface into more regions than FreeSurfer. The average number and area of gyral nodes in the whole brain was 161. Network Edge Definition T 1 -weighted images were coregistered to the diffusion images as described above. Two nodes (regions) were considered to have a structural connection (edge), when at least the end points of 2 fiber tracts were located <3 mm from each of the 2 surface node regions, with self-connections excluded (Im et al. 2014) . A threshold of the number of fiber tracts was selected to reduce the risk of false-positive connections due to noise or the limitations in the deterministic tractography (Lo et al. 2010; Shu et al. 2011 ). The number of fiber tracts performed with streamline tracking may reflect the structure of the white matter (Houenou et al. 2007) , and has been used to calculate the weight of network edges (Shu et al. 2011; Yan et al. 2011; Zhang et al. 2011; Batalle et al. 2012) , but it largely depends on the brain size (the number of white matter voxels) and the areas of node regions. For each edge, the "connection density" (the number of fiber tracts per unit surface) was calculated between 2 nodes, N ij /S ij , where N ij is the number of tracts between region i and j, and S ij is the surface area of 2 regions, i and j. We also measured the mean values of FA, MD, radial diffusivity (RD), and axial diffusivity (AD) along all the fibers connecting a pair of cortical regions.
Analysis for Gyral Topology-Based Node Definition
We constructed and analyzed different fiber groups and networks subdivided according to the individual gyral patternbased node definition. If 2 gyral segments geometrically met on the cortical surface, they were connected with an edge and became first neighbors to each other. We then defined the first, second, third, fourth, and fifth or more neighbors for each gyral region by measuring the number of edges in the shortest paths (Fig. 1) . The connections between the first neighboring gyri were taken to be short association U-fiber connections, and the connections between distant gyri were taken to be long- Figure 1 . Atlas-based parcellation using FreeSurfer and individual gyral pattern-based parcellation. The gyral node parcellation was used for short-and long range, and interhemispheric white matter connectivity as well as graph theoretical network analyses. The atlas-based parcellation was used for regional connectivity as well as graph theoretical analyses.
association fiber connections (Fig. 1) . We separately measured the mean FA, MD, RD, and AD as well as a basic network measure, "network density," for the connections between the nth neighboring gyri and between the hemispheres. The network density was measured as the fraction of present connections to possible connections between the nth neighboring gyri without considering the connection weights.
Graph Theoretical Global Network Analysis
Graph theoretical analyses were carried out on weighted connectivity networks of patients with TSC and TD individuals using the Brain Connectivity Toolbox (http://www.brainconnectivity-toolbox.net; Rubinov and Sporns 2010) . Graph measures were computed for both the networks derived from the FreeSurfer parcellation nodes and the individual gyral patternbased nodes. For the network analysis conducted in this study, we weighted the edge connecting 2 nodes with the connection density and also used MD and FA to modify strengths of interregional connections because they are important markers for evaluating fiber integrity and white matter development and maturation (myelin and axonal diameter changes) (Beaulieu 2002; Hagmann et al. 2010) . We used the product between the connection density and mean inverse MD (1/MD) (Hagmann et al. 2008 (Hagmann et al. , 2010 . The value resulting from multiplying the connection density by the mean FA was also used for another edge weight. We calculated the weighted "clustering coefficient" and "transitivity" as measures of network segregation (Onnela et al. 2005) . To measure network integration, we calculated the average shortest path length between all pairs of nodes in the network, which is known as the "characteristic path length" of the network (Watts and Strogatz 1998) . In addition, the "global efficiency" was computed as the average inverse shortest path length (Latora and Marchiori 2001) . The graph measures were scaled against the mean values of graph measures obtained from 1000 matched random graphs that preserved the same number of nodes, edges, and degree sequence (Maslov and Sneppen 2002) .
Regional Network Analysis
Following the analysis of the global network organization, we further localized specific connections and regions in which the structural connectivity was impaired in patients. Gyral parcellation nodes were not used for regional analysis because the number of nodes was not constant and node correspondence was not defined. We compared the values of FA, MD, RD, and AD between the TD and TSC groups for each connection between 2 regions in the network of the FreeSurfer parcellation nodes. However, identification of edges between nodes was not identical across participants. Hence, pairs of regions where edges were identified in >80% of TD and TSC participants were statistically analyzed.
Statistical Analysis
Group differences in the fiber tract number, global and regional connectivity, and network measures were statistically assessed between the TD and TSC groups using multiple linear regression analysis. The dependent variable (Y) was each measurement, and the independent variable was group (coded as a dummy variable). We also used age as a covariate to control for its effect (model fit: Y = b 0 + b 1 group + b 2 age). The assumptions of linearity, independence of errors, homoscedasticity, unusual points, and normality of residuals were met for each of the models.
To compare 2 small subgroups divided by the presence of ASD, epilepsy, and DD in TSC patients, first, age was regressed out as a covariate. Then, the Mann-Whitney U-test was performed, which is a non-parametric statistical test for the comparison of independent 2 samples. To determine any significant relationship between tuber load score (minimum = 1, mild = 2, moderate = 3, and severe = 4) and white matter connectivity, Spearman's correlation coefficients were calculated, where we controlled for age adding it as a covariate.
Gyral topology-based connectivity analysis was performed for the 5 gyral and corpus callosum connections. The statistics were set to a significance threshold of P = 0.008 (0.05/6) to control for multiple comparisons with Bonferroni correction. For the edgebased regional analysis, false discovery rate control was used for adjusting statistical results for multiple group comparisons (Genovese et al. 2002) . Gyral node-based connectivity networks had a different number of nodes across participants. Comparisons of graph measures are influenced by the number of nodes of the network (van Wijk et al. 2010; Zalesky et al. 2010) . We statistically controlled for the remaining effect of the number of nodes by adding it as a covariate when we compared gyral node-based network measures between groups (network density, clustering coefficient, transitivity, characteristic path length, and global efficiency; Im et al. 2014) .
Results
Head Motion Analysis
All 40 cases had good quality structural and diffusion MRI data clean of artifacts. For the TMI values estimated from DTI, there was no significant difference between TD controls (TMI [mean ± SD]: 0.368 ± 0.956) and TSC patients (0.534 ± 1.810) (P = 0.723).
Fiber Tracking and the Number of Fiber Tracts in TSC
The results of the multiple linear regression analysis showed that the number of fibers in the whole brain did not significantly differ between the TD (19 393.30 ± 5409.22) and TSC (18 542.40 ± 4297.01) groups (P = 0.441).
There was not any significant relationship between the qualitative assessment of tuber load and the number of fibers in the whole brain in TSC patients according to the Spearman's correlation coefficient results (correlation coefficient r = −0.345, P = 0.148).
To further illustrate our findings, we manually created two 3D ROIs covering the volume of a cortical tuber and a region of white matter abnormality in a TSC patient, using the axial FLAIR image. We also placed the same ROIs on a TD participant's brain in the same locations. We extracted the fiber tracts that passed only through these ROIs in both participants. The results of our tuber ROI analysis showed that even though the number of fibers passing through the ROIs in both the TD and the TSC participant was very similar, the diffusivity values of FA, MD, AD, and RD showed differences between the 2 participants (see Supplementary Fig. 1 ).
show statistical significance for any of the graph measures. Statistical results for the group comparisons are presented in Table 2 . Within the TSC patients, there was no statistically significant difference between the subgroups in any of the global graph measures.
Structural Connectivity Based on Gyral Topological Path Length in the Whole Brain
For the group analysis between TSC and TD, the statistics (mean, SD, and P-values) are listed in Table 3 . Mean FA was lower in the TSC group than the TD group in all of the gyral connections and in the corpus callosum, but the difference did not reach significance after multiple comparisons correction. MD was significantly higher in TSC than TD (P < 0.008) for the second, third, and fourth gyral neighbor connections as well as the corpus callosum, but not for the first and fifth or more gyral neighbor connections. RD was significantly increased in the TSC group for all the connections (P < 0.008), except for the fifth or more gyral neighbor connection. Mean AD was higher in TSC than TD for all the connections, but this result was not significant at P = 0.008. The difference of network density between the groups was not statistically significant for any of the gyral neighbor connections and the corpus callosum after multiple comparisons correction.
In the TSC subgroup comparisons, TSC patients with DD had significantly increased MD values than those without DD for all the gyral neighbor connections (P < 0.008), but not for corpus callosum (Table 4) . AD values were also significantly higher in TSC patients with DD compared with those without DD for almost all of the gyral neighbor connections but not for corpus callosum. RD values were significantly higher in TSC patients with DD than those without DD in first-fourth gyral neighbor connections. TSC patients with ASD had higher MD (second-fifth or more) and RD (third and fourth) values for the several gyral neighbor connections than those without ASD, but these results were not significant after multiple comparisons correction (0.008 < P < 0.05; see Supplementary Table 1) . TSC patients with epilepsy did not have significantly different connectivity values compared with those without epilepsy (see Supplementary Table 2 ). Spearman's correlation analyses revealed a significant positive correlation between qualitative tuber load and MD as well as AD values of all the gyral neighbor connections and corpus callosum in the TSC patients (P < 0.008). Qualitative tuber load was also significantly correlated with RD values of first-fourth gyral neighbor connections (P < 0.008; Table 5 ).
Regional Characteristics of Connectivity Networks Using the Atlas-Based Parcellation
To better understand regional characteristics, atlas-based nodes were used as they correspond to predefined functional regions. Atlas-based regional connectivity analysis revealed significantly lower FA in 5 connections in the left temporal and right parietal regions in TSC compared with TD at the 0.05 level of FDR-corrected P (Fig. 2) . TSC patients had significantly higher MD in 66 connections throughout the whole brain (Fig. 2) . When we examined RD and AD separately, RD was also significantly higher in most of connections (44 connections) that were identified in the MD analysis, but AD was statistically significant only for 1 connection in the left temporal region (Fig. 2) . The number of statistically significant edges was counted for each cortical node regions and mapped with a different node size on the figures. Right inferior parietal gyrus and its neighboring regions such as right superior parietal or supramarginal gyrus had the largest number of disrupted connections with other regions for FA, MD, and RD (Fig. 2) . In the left hemisphere, inferior parietal gyrus had the largest number of connections showing significantly increased MD and RD (Fig. 2) .
In the subgroup analysis, TSC patients with DD showed significantly higher MD in 56 connections in global brain regions than those with no DD (corrected P < 0.05; Fig. 3 ). RD and AD were also significantly greater in 6 connections and 16 connections, respectively, in TSC patients with DD compared with TSC patients without DD. Particularly, many connections from the right inferior parietal gyrus showed significant changes in MD and AD (Fig. 3) . Local edge analysis in the TSC group revealed positive correlations between tuber load and MD (91 connections), RD (53 connections), and AD (84 connections) values Most of the connections with significant correlations between qualitative tuber load and the diffusivity values were located in the right and left inferior parietal gyri (Fig. 3) .
Discussion
Previous studies reported white matter abnormalities such as decreased FA and/or increased MD and RD in TSC patients, but only for specific white matter pathways or ROIs. This study extends these findings by providing the first detailed unbiased report of global and regional white matter connectivity as well as whole brain network organization in TSC patients. In addition to traditional atlas-based parcellation approaches, we also used a gyral pattern-based parcellation scheme that allowed us to examine short-and long-range white matter connectivity in the whole brain. Moreover, we performed graph theoretical analysis using the gyral pattern-and atlas-based nodes. We report Note: data are denoted as mean ± SD.
*P < 0.008. new findings that in TSC both short-and long-association fibers are affected, and that interhemispheric connectivity appears to be particularly reduced, leading to increased network clustering within hemispheres. Altered structural connectivity in TSC was correlated with qualitative assessments of tuber load. Furthermore, TSC patients with DD compared with without DD showed connectivity changes primarily in intrahemispheric connections. It is unlikely that any of our significant results were biased by the group differences in head motion and fiber tracking.
Primarily Increased RD Throughout the Entire White Matter in TSC
We found significantly increased MD values, primarily influenced by RD, in the TSC compared with the TD group, reproducing the corpus callosum findings of other groups and narrowing the global changes previously reported to the secondfourth gyral connections (Makki et al. 2007; Krishnan et al. 2010; Peters et al. 2012) . These findings are consistent with increased MD observed in the normal appearing white matter and in the regions of tubers in TSC patients (Firat et al. 2006) . We extended previous findings by showing that a primary increase in RD persists across the entire white matter. However, the microscopic features giving rise to these global structural changes are unclear. Mouse models of demyelination and dysmyelination showed increased RD with little influence on AD (Song et al. 2005) . Altered axonal guidance (Meikle et al. 2007; Choi et al. 2008; Nie et al. 2010) , balloon cells, large dysplastic neurons, and increased size and number of astrocytes are evident in animal models of TSC (Uhlmann et al. 2004 ) and may contribute to alterations in RD Note: data are denoted as correlation coefficient (P-value).
*P < 0.008. ( Makki et al. 2007; Peters et al. 2012) . However, unlike prior studies, we did not find a significant FA decrease in TSC for any of the connections due to strict correction for multiple comparisons (Makki et al. 2007; Krishnan et al. 2010; Peters et al. 2012) .
Particularly Reduced Interhemispheric Connectivity in TSC
Although altered structural connectivity was observed for most of the connections, the interhemispheric fiber connections were more affected than intrahemispheric fiber connections in TSC compared with TD, showing the highest statistical significance in MD and RD. Furthermore, network density was reduced for corpus callosum in TSC. Interhemispheric network density showed a relatively greater group difference compared with the other gyral connection network densities. This finding indicates decreased strength of coherent white matter connectivity between hemispheres, which in turn impacts global network topology of the TSC brains, resulting in increased network segregation within hemispheres. We performed additional graph theoretical analysis only for connectivity network within the left or right hemispheres. The results did not show significant group differences in the global topology of within-hemisphere networks, which supports the effect of interhemispheric connectivity on the global network. Macroscopic abnormalities in callosal development or agenesis of the corpus callosum can be seen in TSC albeit rarely, and can lead to cognitive impairments (Rosser et al. 2006) . The corpus callosum has been suggested to play a role in performance IQ (Alexander et al. 2007 ), working memory (Takeuchi et al. 2010) , complex information processing (Zahr et al. 2009) , and language processing (Friederici 2011) . Indeed, these are some of the skills that are impaired in various degrees in TSC patients. Microscopic involvement of corpus callosum structure, as detected here, may be associated with TSC cognitive phenotype.
Regional Abnormality of White Matter Connectivity in TSC
We identified 3 regions with the largest number of disrupted connections. The first region was the right inferior parietal gyrus which is reported to play a role in attention (Maruishi et al. (Gauthier et al. 2002) . The second region was the right superior parietal gyrus, which is reported to be activated during working memory tasks (Bell et al. 2006) and is shown to be associated with attentional focalization (Silva-Pereyra et al. 2010) . Finally, the third region was the right supramarginal gyrus, which is reported to be important for phonological processing (Hartwigsen et al. 2010 ) and overcoming emotional egocentricity (Silani et al. 2013) . TSC patients show poor performance in the neuropsychological assessments of long-term, verbal, and spatial memory (Ridler et al. 2007 ), and they have language impairments (Lewis et al. 2013 ). Such cognitive and behavioral impairments observed in TSC patients might be related to the regional prominence of abnormal white matter connectivity observed here.
Increased AD in addition to RD Primarily for Intrahemispheric Connections in TSC Patients with DD TSC patients with DD had significantly higher AD, MD, and RD in intrahemispheric connections than those without DD, suggesting that these changes may be driven by a different physiological mechanism than the changes in the corpus callosum. It has been hypothesized that increased AD could result from axonal injury and damage, which cause reduced axonal density or caliber, or axonal loss, and finally increase the extra-axonal space allowing faster water molecule movement parallel to axons (Kumar et al. 2008) . However, animal models of TSC do not suggest axonal damage, but instead alterations in axonal guidance (Choi et al. 2008; Nie et al. 2010 ). Future DTI and pathological studies using animal models of TSC are needed to better understand alterations of RD and AD. It is interesting to note that TSC patients with DD showed significantly reduced connectivity primarily for the intrahemispheric connections. We suggest that involvement of association fibers within hemispheres may give rise to DD among TSC patients, as these connections support high-level cognitive functions. Patients with DD showed a significant delay in speech and language, in addition to white matter impairments in the bilateral arcuate fasciculus (Gopal et al. 2012) . Damage to or dysgenesis of the arcuate fasciculus might be one of the factors causing reduced intrahemispheric connectivity in TSC patients with DD (Lewis et al. 2013) . Future studies might benefit from examining intrahemispheric connections in clearly defined groups of children with TSC and/or DD with no other comorbidity to determine if this could be a biomarker for DD and aid in subdividing DD into different phenotypes.
White Matter Connectivity in TSC Patients with ASD and Epilepsy
Although there have been many DTI studies of white matter connectivity of ASD alone (Aoki et al. 2013 ), there are not many studies comparing the ASD subgroup of TSC patients with those TSC patients without ASD (Peters, Taquet, Prohl, et al. 2013) . Lewis et al. (2013) found that TSC patients with ASD had lower FA and higher MD than those without ASD and TD controls in the arcuate fasciculus. Peters et al. (2012) reported significantly decreased FA in the corpus callosum of TSC patients with ASD compared with those without ASD (Peters et al. 2012) . Thus, the microstructural integrity of the arcuate fasciculus and corpus callosum is more affected in TSC individuals with ASD. In this study, we also showed decreased FA values for the TSC patients with ASD compared with those without ASD in all the gyral connections as well as the corpus callosum; however, this difference did not reach significance. Moreover, our uncorrected statistical results showed increased MD and RD values in the TSC patients with ASD compared with those without ASD for some of the connections (P < 0.05); however, these differences did not reach statistical significance after multiple comparisons correction.
Previous studies have reported white matter abnormalities in TSC patients with epilepsy. Widjaja et al. (2010) found decreased FA for the cortical tubers within the epileptogenic zone compared with the non-epileptogenic zone in patients with epilepsy. Furthermore, same authors reported decreased FA and increased RD in the normal appearing white matter surrounding the cortical tubers. They suggested that these abnormal diffusivity values may reflect cortical dysplasia or could be related to ictal and/or interictal activity. Another study reported increased MD values in tubers compared with the surrounding cortex, and that this increase was especially higher in the epileptogenic tubers (Jansen et al. 2003) . These results are in accordance with animal studies where recurrent seizures are shown to cause impairment in myelin development (Dwyer and Wasterlain 1982; Song et al. 2003) . However, in this study, we did not find any significant differences between the TSC patients with and without epilepsy. The relatively small sample size for these 2 TSC groups, with increased comorbidity for other disorders (i.e., ASD and DD), and the heterogeneous epileptic regions within each patient might have caused difficulty in the detection of differences between the 2 groups. Further studies need to be performed with a larger sample size to determine if any of the observed trends become significant for the TSC patients with ASD and for those with epilepsy.
Increased Diffusivity Values with Tuber Load Severity in TSC Patients
We explored whether our findings of white matter connectivity are driven by an excess of tubers. Previously, significant correlations between quantitative tuber volume and trace, RD, and FA values were reported for the corpus callosum and the internal capsule, which indicated microstructural changes in the white matter tracts as a result of malformations within the cortical and subcortical tubers ). We found a significant positive correlation between qualitative tuber load and diffusivity values throughout the whole brain, especially in the right and left inferior parietal gyri, in the TSC group. Moreover, we also showed that these results were not affected by fiber tracking. A future study would benefit from a more detailed examination of the tuber count, volume, and location information with white matter connectivity, epilepsy, and cognitive function in TSC.
Methodological Issues
We used gyral segments to define node regions based on their own cortical folding anatomy, which we believe is biologically more meaningful than previous template-based approaches that combine variable numbers of gyri. Specific fiber pathways generally seemed to link and project from a given gyrus to other gyri in prior postmortem and high-resolution imaging studies (Schmahmann and Pandya 2006; Catani et al. 2012) . We constructed the connectivity networks based on the FreeSurfer parcellation and analyzed group differences of the graph measures to compare with our approach. Using the Freesurfer parcellation, graph analysis was less sensitive to detecting significant results, which might be due to coarse regional parcellation insufficient for characterizing short-range connectivity. The gyral node parcellation was also used to effectively categorize and analyze short, neighborhood and long-association fiber connections. This approach becomes particularly useful when dealing with diseased or dysmorphic brains, whose gyral pattern is severely altered and not similar to the normal template (Im et al. 2014) .
Conclusions
We provided the first detailed findings on disrupted white matter connectivity and organization in TSC using an unbiased wholebrain approach. Our findings may help better understand the variable clinical phenotypes of TSC and the underlying physiological mechanisms. Future MRI studies with larger sample sizes and neuropsychological testing are needed to better understand the selective effect on white matter connectivity and the neuropsychological consequences.
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